The Irish government has outlined plans for 10% of the national road fleet to be powered by electricity by 2020. The objective of this paper is to evaluate the potential reduction in road traffic related emissions due to commuting in the Greater Dublin Area (GDA) under different electric vehicle market penetration scenarios. The results indicate that the introduction of electric vehicles offers the potential for reductions in all road traffic related emissions. However, the time required for electric vehicles to acquire a significant share of the fleet, suggests that they will have a limited impact on climate change and urban air quality for at least the next decade.
Introduction
In November 2008, the Minister for transport in Ireland announced a government target for 10%
(230,000 vehicles) of the private car fleet to be powered by electricity by 2020 (Dempsey, 2008) . The imminent commercial deployment of electric vehicles (EV) has the potential to address issues such as climate change, oil dependence and air quality. Research suggests that typical commuter profiles are particularly suited to EVs due to the repetitive nature, fixed distances of the trips and because vehicles are available for recharging either during daytime or overnight (Turrentine et al., 1992) .
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In 2008, transport emissions in Ireland accounted for 21.3% (14, 255 MtCO 2eq ) of the national total, which represents an increase of 176% on 1990 levels (EPA, 2009a) . This upsurge can be attributed to a period of unprecedented economic growth, which led to an increase in vehicle numbers, the purchase of larger vehicles and the reliance on private cars for commuting to and from work (EPA, 2009 ). Employment and household incomes have also increased significantly in Ireland over the last decade. This has subsequently led to a substantial increase in the level of car dependence and private car registrations in the country. These trends are particularly noticeable in the Greater Dublin Area (GDA), which saw an increase in employment by 48.9% and private car registrations by over 60% over the period 1996 -2006 (Central Statistics Office, 2007a an increase of 5% on 1996 levels (Commins & Nolan, 2008) . Morgenroth (2001) utilized data supplied by the Irish Revenue Commissioners to estimate the extent of the commuting belt around
Dublin and concluded that in fact the commuter belt extends beyond the GDA and that a substantial number of individuals commute long distances from counties outside the GDA. This is referred to as the "Outer Belt" region in Figure 1 .
Insert Figure 1 here. In scientific literature many studies have explored the benefits of EVs and report that a net reduction in greenhouse (GHG) emissions can be achieved by replacing internal combustion engine vehicles (ICEV) with EVs. The Electrical Power Research Institute (EPRI) and the Natural Resources Defence Council (NRDC) compared plug-in hybrid vehicles (PHEV) to hybrid vehicles (HEV) and ICEVS using specific electricity generating technologies. The results concluded that regardless of the electricity supply, PHEVs and HEVs would result in a net decrease in GHG emissions (between 28-67%) relative to ICEVs (EPRI, 2007) . Litienthal and Brown (2007) estimated the potential carbon dioxide (CO 2 ) emissions reduction through the introduction of PHEVs into individual states in North America. It was determined that use of PHEVs would provide CO 2 emissions reductions in 49 states and on average a CO 2 reduction of 42% per mile driven. However, the author note that majority of the U.S electrical generation comes from coal, which implies that greater reductions would be possible if a higher proportion of the fuel mix came from renewable sources. In the Irish context, Smith (2010) examined the potential benefits of PHEVs in terms of reducing the primary energy requirement (PER) and CO 2 emissions of passenger cars in Ireland. The analysis found that the electricification of the Irish passenger car fleet could reduce the PER and CO 2 emissions by 50% for each km travelled in electric mode.
Data and Methodology

Fleet emission calculation
The details of regular work trips were sourced from the Place of work Census of Anonymised Records (POWCAR) (Central Statistics Office, 2007b Ireland (Hennessy and Tol, 2010) , was used to make assumptions about the future composition of the private car fleet. The model, which is driven by forecasts on the economy and the population is constructed from a long history on passenger car sales, which has been calibrated to recent data on the actual stock (Hennessy and Tol, 2010) . The model distinguishes cars by fuel type, engine size and age. The current composition of the Irish private car fleet in terms of diesel/gasoline, percentage weight and engine size distribution is presented in Table 1 . Under a low growth scenario, the ESRI predict that annual employment will increase by 1.9% and 0.9% over the periods 2011-2015 and 2015-2020 respectively. By applying the national employment statistics to the GDA, we estimate that approximately 226,300 individuals will travel to work by car to Dublin in 2020, of which approximately 156,800 will belong to households with two or more cars.
As this paper is concerned with annual emissions, the daily trip kilometres are calculated on an annual level, assuming that an individual completes a daily return work trip in a 220 day year. The average distance travelled to work in Dublin was 15.3 km in 2006, which equates to an average annual distance of 6,732 km per individual.
Potential electric vehicle market penetration
The main uncertainty of the study is without any doubt the estimation of the future market penetration of EVs into the motor industry. The accurate prediction of market penetration includes great uncertainties and depends on a multitude of influencing factors (i.e. fossil fuel price, national incentive schemes and new developments in EV technology). In this study the rate of market penetration was estimated using a logistic S-curve. This methodology is in keeping with other studies, which have used S-curves to predict the market penetration of new technologies. These include Draper et al. (2008) , who employed S-curves to predict the economic impact of EV adoption in the United States and Smith (2010) , who utilized S-curves to predict the penetration of PHEVs into the Irish car market.
The shape of the curve is determined by specifying two years and the expected market penetration of EVs at those particular years. Assuming that EV sales commence in 2011 and that 90% market penetration is achieved by 2035 we explore the reduction in emissions under three different market penetration scenarios, ‗high', ‗medium' and ‗low' (Figure 2 ). In this case, market penetration refers to the penetration of annual sales -penetration of the entire car fleet would take significantly longer.
Under the ‗high' penetration scenario it is assumed that EVs will achieve 25% market share by 2020;
under the ‗medium' and ‗low' scenarios, a share of 15% and 10% respectively. A Business as Usual (BAU) or baseline scenario was also investigated.
Insert Figure 2 here. Numerous studies have shown that the proportion of households with at least two cars is considerably higher in rural areas than in the urban areas largely due to the fact the individuals living in urban areas have better access to a more frequent public transport system (Commins & Nolan, 2009; Scottish Executive, 2005) . Only 65% of households own two or more vehicles in the GDA. Based on the technical features such as the driving range achievable by current EV models it is likely that EVs will only be purchased with the intention of becoming a household's secondary vehicle. Therefore we assume that only households with two or more cars would consider purchasing an EV. This reduces the potential market to approximately 51,700 sales per year.
Due to the extended driving range achievable by PHEVs, we assume that PHEVS are viable substitutes for all ICEVs with an engine size between 1.4 and 2.0 litres, but that battery electric vehicles (BEV) will only replace ICEVs with an engine size less than 1.4 litres, which have a lower than average annual mileage (Howley et al., 2009a) . In the case of PHEVs, the fraction of the trip completed in all electric driving (ED) mode is difficult to determine. According to Smith (2010) and Parks et al., (2007) the fraction of the trip completed in ED mode is dependent on the trip length, the kinematic profile, driving habits and the PHEV operational mode. Smith (2010) reports that some current PHEV models such as the Chevrolet Volt and the Volkswagen VW -twindrive have 100%
performance capacity in ED mode and are capable of travelling 40 km or more in ED mode (Tate et al., 2008; Volkswagen AG, 2008) . It is expected that in the future all PHEV models will have 100% performance capacity in ED mode and that the combustion engine will only serve as a means of extending the driving range (Smith, 2010) . In 2006, 93% of commuters travelled less than 40 km to work in Dublin. Therefore for simplicity it is assumed that all trips to work are completed in ED mode and hence produce no tailpipe emissions.
In the reviewed studies the range of conceivable market penetration scenarios varies widely (Hadley and Tsvetkova, 2008; Simpson 2006; Clement et al., 2008) . The majority of studies estimate the market penetration of EVs, but few differentiate between PHEVs and BEVs. We assume that PHEVs will become widely available in the near future and that rapid growth will lead to mass commercialisation. However, we do not expect mass market penetration of BEVs for a number of years due to the premium price and limited consumer acceptance with regard to recharging times and driving range. The Irish Electricity Utility, the Electricity Supply Board (ESB), who is responsible for the development of the national EV charging infrastructure, forecast that in 2020 the EV fleet in Ireland will consist of 70% PHEVs and 30% BEVs (Mulvaney, 2010) . Table 2 presents the projected composition of the commuter fleet in 2020 under each of the investigated scenarios. 
Electrical energy requirement of electric vehicles and the emission intensity of the national grid
In estimating the potential GHG and urban air quality benefits from the deployment of EVs, it is necessary to account for the emissions impact of electricity generation. In order to quantify the potential electrical requirement of the EV fleet, it is first necessary to quantify the energy required to move a vehicle. Smith (2010) developed a model to determine the minimum theoretical energy required to move a given vehicle a fixed distance over a specific drive cycle. The model was then used to calculate the minimum energy requirement (MER), in Wh km and is referred to as the wall socket electrical energy requirement (WSER). Losses that occur during the generation, transmission and distribution of electricity must also be taken into account. The Irish electricity supply efficiency is expected to be 67% in 2020 (Smith, 2010) . We therefore expect the W SER to translate to a primary energy requirement (PER) of 0.209 kWh km -1 .
In a review of transport options to alleviate the effects of climate change, urban air pollution and oil dependence, Thomas (2009) reports that under optimum conditions, the average fuel economy of a BEV is 2.6 times greater than that of an ICE engine, giving a specific energy consumption of 0.26 kWh km -1
. However, Foley et al. (2010) report that under real world driving conditions the specific energy consumption is 10-25 kWh/70 km. We assume that the electric energy requirement of a PHEV and a BEV is 0.209 kWh km -1 and 0.25 kWh km -1 respectively.
In 2008 the carbon intensity of the Irish electricity supply was 582 g CO 2 /kWh (Howley et al., 2009b ).
Wind generation is steadily growing and accounted for 10% of electricity generation in 2009 and overall, the share of electricity generated from renewable energy sources accounted for 14.4% (Dennehy et al., 2010) . This suggests that Ireland has surpassed the mandatory EU interim target of efficiency of the electricity supply, we assume that the carbon intensity of the electricity supply will be 393 g CO 2 /kWh in 2020.
Results and analysis
Current emissions levels for 2010, and projected emissions under three EV market penetration scenarios and a BAU scenario for the year 2020 were estimated in this study. Note all values are in tonnes.
The results for the BAU scenario suggest that there will be significant reductions in CO, VOC, PM, NO 2 and NO x emissions in 2020, without the introduction of EVs to the fleet. These reductions can be attributed to two factors, the introduction of Euro 5 and Euro 6 emissions standards, which have stricter limits on pollutant emissions and the retirement of older higher pollutant emitting vehicles from the fleet. The highest reduction is, consequently, predicted for CO (75%) and VOCs have a similar expected evolution (69%). The results also showed considerable reductions of 68% and 53% for NO 2 and CH 4 emissions respectively. The Euro 5 and Euro 6 emissions standards will require NO X emissions to be reduced by 25-50%. Therefore a 29% reduction in NO X emissions is as expected. respectively.
Conclusions
The results show that the introduction of EVs presents an advantage over the BAU case in every aspect of their emissions. Under the most likely scenario (10% market penetration by the year 2020)
the results indicate a net reduction of 3% (309 Kt) in CO 2 emissions relative to the BAU case could be achieved. These results are mildly encouraging as this reduction in CO 2 emissions will most likely only account for approximately 1.93% of the CO 2 emissions from the transport sector in 2020. Urban air pollutants are individually projected to decrease in the range 1-10% under the most likely ‗low' market penetration scenario. Due to the displacement of tailpipe emissions from densely populated areas to remote electricity generation sites, moderate pollution exposure benefits could be realised. As a conclusion of this study, the results obtained indicate that the time required for electric vehicles to acquire a significant share of the fleet, suggests that they will have a limited impact on climate change and urban air quality for at least the next decade but supports existing evidence that EVs are a realistic alternative to ICEVs in the long term and can contribute to emissions reductions. 
